Abstract-Switched reluctance motor (SRM) has many specific advantages and has being gradually used in many kinds of applications. However, because it's inherently multivariable, strong coupling and highly nonlinear, there are lots of difficulties to build its model. In this paper, the basic operating principle of SRM are briefly introduced firstly, and then numerical and analytical modeling methods are studied and compared in terms of complexity and accuracy. 
I. INTRODUCTION
The SRM has advantages of simple magnetless and rugged construction, simple control, ability of extremely high speed operation, relatively wide constant power capability, minimal effects of temperature variations offset, low manufacturing cost and ability of hazard-free operation [1] . These distinct advantages make the SRM well suited to kinds of applications, such as more/all electric aircrafts [2] and electric vehicles [3] .
In contrast to traditional motors (such as induction motors), the SRM is intended to operate in deep magnetic saturation to increase the output power density and the energy conversion factor. Therefore, because of saturation effects and the variation of magnetic reluctance, all the relevant characteristics (i.e., flux linkage, torque) of the machines are highly nonlinear functions of both rotor position and phase current [4] . These nonlinearities make the modeling process of the SRM relatively difficult.
Due to saturation effects in the SRM, establishing the accurate nonlinear mapping relationship of the flux linkage with respect to phase current and rotor position is the basis of performance calculation [5] . For years, many modeling methods have been proposed by worldwide researchers [6] [7] [8] . Generally speaking, these methods can be divided into three categories: numerical, analytical and so on. They have advantages and disadvantages of their own.
In this paper, four typical methods belong to two different categories are studied respectively and their performances are compared in terms of complexity and accuracy. These four methods are based on finite element analysis (FEA), Fourier decomposition (FD) and so on.
I. BRIEFLY INTRODUCTION OF SRM
The SRM is a brushless synchronous machine with salient rotor and stator teeth. There are concentrated phase windings in the stator, and no magnets and windings in the rotor. Fig.1 shows the cross-section of a three-phase 6/4-tooth SRM, together with one phase of its associated power converter. Each phase of the machine is made up of two coils wounded around diametrically opposed stator teeth and electrically connected in series. In the SRM, torque is produced by the tendency of its rotor to move to a position where the reluctance of the magnetic path is minimized. When a stator phase is excited, the nearest rotor tooth pair is attracted towards the excited stator phase to minimize the reluctance of the magnetic path. Therefore, it's possible to develop constant average torque in either direction of rotation by exciting consecutive stator phases in turn.
The magnitude and direction of the torque produced by the SRM are determined by the magnitude of the phase current pulses and their placement in relation to rotor position. It should be noted that the direction of the torque does not depend on the sign of the phase current. It's determined by the sign of dL/dθ, that is the change ratio of inductance with rotor position.
II. NUMERICAL METHODS
Numerical methods are widely used in optimization [9] , experiment [10] and so on. Among numerous numerical methods, FEA is the most frequently used approach [11] . There are many softwares that can be used to analyze and calculate the electromagnetic field of the motor accurately in two-dimension (2-D) and three-dimension (3-D) ways. Before getting the static characteristics and dynamic performances of the motor, following steps need to be completed firstly. Fig. 3 shows the model of an asymmetric half bridge power converter, where S1~S8 are voltagecontrolled switches, they represent the power switches in the converter. W1~W8 are current-controlled switches, they are used to implement current chopping control. Fig.  4 shows the finite element mesh of the SRM. After the completion of above steps, the electromagnetic characteristics of the motor can be obtained. Fig. 5 shows the magnetic field distribution inside the motor at one position. Fig. 6 shows the static flux linkage and torque characteristics of the SRM obtained by FEA. It should be noted that the FEA only can get some discrete points (represented by circles in the figure) and the curves are obtained by the "plot" function of the MATLAB to indicate the variation trend of the data. Fig. 7 shows phase inductance curve of the studied SRM by Matlab. The curve is based on the data obtained shown in Fig. 6(a) . From the figure, it can be found that the phase inductance is nonlinear function of rotor position and phase current. 
III. ANALYTICAL METHODS
In analytical methods, the relationships of the phase inductance and torque to phase current and rotor position are represented by analytical expressions. There are many analytical methods. In this paper, three methods, linear, quasi-linear and nonlinear method based on Fourier decomposition (FD) [12] , are studied.
A. Linear Method
In linear modeling method, the edge and saturation effects of the magnetic field are not considered. The phase inductance is periodic function of rotor poison, and it does not depend on phase current. The inductance can be expressed as (1).
, Nr is number of rotor pole. Fig. 8 shows comparison between inductance curves obtained by FEA and linear method. It can be found that in linear model the inductance curve is piecewise linearized along rotor angle. The magnetic saturation is not considered, and the inductance doesn't change with the current. The impact of phase winding current on the inductance is not reflected. A curve family with different current is approximately replaced by a line. Therefore, there is a serious error especially when the phase winding current is large.
In Figure 9 , the magnetization curves obtained by FEA and linear model are compared.
The figure shows that in the ideal linear model the impact of magnetic saturation is ignored. The magnetization curve is approximately replaced by a straight line with different rotor angle. When the winding current is large and magnetic circuit is saturated, the error is serious.
The formula for calculation of instantaneous torque can be derived from (1) From analysis above, the simulation accuracy of the linear model is low. However, it is a useful tool for basic design and analysis of SRM and its driving system. Nowadays, it is mainly used to analyze the fundamental operation principle of SRM.
B. Quasi-linear Method
The theoretical basis of this method is piecewise linearization of magnetization curves. The nonlinear inductance curves are replaced by several straight line segments, that is, 
where, i 1 is determined by the magnetization curve when the salient poles of the stator and rotor are aligned.
Generally it is located at the bend point of the magnetization curve. Figure 11 is comparison of inductance curves from FEA and quasi-linear model. It can be found that the quasi-linear model takes into account the impact of the magnetic saturation to a certain degree. The phase inductance curves with different current are approximately represented by different piecewise linear curves. It is much more accurate than linear model. However, the error is still large. To some extent, the quasi-linear model removes the shortcoming of the linear model. What's more, with this method, the calculation can be executed analytically, and it's relatively accurate. Therefore, quasi-linear is mainly used to the analysis and design of power converter and control algorithm.
C. Nonlinear Method based on Fourier Decomposition
(FDM) It is well known that the phase inductance curve of the SRM is a periodic function, so it can be expanded in Fourier series as shown in (5).
where L(θ, i) is the phase inductance, L 0 (i) and L m (i) are coefficients, N r is the number of rotor poles, θ is the angular position of the rotor, m= [1, n] is the harmonic coefficient, n is the maximum harmonic order.
The modeling accuracy is strongly affected by n. In this paper, two situations, n=1 and 4, are simulated and compared.
When n equals to 1, (5) can be rewritten as
To calculate the two undetermined coefficients in (6), the inductance values at two different rotor positions are needed. In this paper, 0 o and 30 o , namely unaligned and aligned position, are selected. Substituting the inductance values at these two positions into (6), following equations can be obtained.
where L min and L max are inductance values at unaligned and aligned positions, respectively. Those two undetermined coefficients in (6) can be easily obtained from (7), as ( ) ( ) ( ) ( )
It is well known that L min can be seen as a constant, while L max changes along with the phase current nonlinearly. The analytical expression between L max and phase current i can be obtained by polynomial fitting, as
where a m are polynomial coefficients that can be obtained by fitting.
The data of phase inductance at aligned position with different phase currents needed for polynomial fitting can be easily obtained from FEA results by following equation.
where L(i 0 , θ 0 )and ψ(i 0 , θ 0 ) are phase inductance and flux linkage at θ 0 with phase current equal to i 0 , respectively. The analytical expressions of those two undetermined coefficients in (6) can be obtained by substituting (9) and the value of L min into (8) . Finally, the phase inductance can be expressed as where T is the torque, W' mag is the magnetic co-energy.
Based on the calculation above, the inductance, static flux linkage and torque characteristics of the SRM can be obtained as shown in Figure 14 . According to Fig.14 and 15 , it's clear that the accuracy of FDM depends on the value of n seriously. When n=4, the accuracy is high, but the model is relatively complicated, and the derivation process is cumbersome. During modeling process, it's necessary to get the inductance value of several rotor positions by curve fitting, which will produce errors inevitably. To obtain accurate fitting results, the power number of the polynomial should be increased, which made the program more difficult. What's more, to select appropriate rotor positions, one should understand the structure and flux linkage characteristics of SRM deeply. Nowadays, to solve the contradiction between accuracy and complexity of the model, intelligent modeling methods (e.g. neural network) are adopted gradually.
IV. COMPARISON BETWEEN FEA AND FDM
The numerical methods can get the static characteristics and dynamic performances of the SRM accurately, but quite complex and time-consuming. Furthermore, it's relatively difficult to implement the control algorithms by FEA softwares. The modeling and computational time of analytical methods is much shorter than that required by numerical methods. However, because of the introduction of many hypotheses and simplifications, the modeling accuracy of analytical methods is worse than that of numerical methods.
According to the above-mentioned advantages and disadvantages of each modeling method, the numerical methods are commonly used to verify the performances of the designed motors in detail. The analytical methods are commonly used to briefly study the operating characteristics of the motor and quickly evaluate the performances of different control algorithms.
V. DYNAMIC MODEL OF SRM DRIVE SYSTEM
Based on the modeling methods in this paper, the dynamic simulation model of the SRM drive system can be built by Matlab/Simulink. Fig. 16 shows a dynamic model of SRM drive system. In this figure, the current and torque can be obtained by modular Current and Torque, which are built based on one of the modeling methods in this paper, and it's the core of the whole model. By the model shown in Fig.16 , the dynamic performance of SRM drive system under both motoring and generating modes can be obtained conveniently. As a example, Fig. 18 shows the phase current of SRM under different control methods, include angle position control (APC), current chopping control (CCC) and voltage chopping control (VCC). 
VI. CONCLUSION
In this paper, two categories of modeling methods, namely numerical and analytical approaches, are studied and compared in terms of complexity and accuracy. Four typical methods respectively based on FEA, linear model, quasi-linear model and Fourier decomposition are given as examples. The simulation results show that they have advantages and disadvantages of their own. The numerical methods can get the static characteristics and dynamic performances of the SRM accurately, but quite complex and time-consuming. The modeling and computational time of analytical methods is much shorter than that required by numerical methods. However, its modeling accuracy is worse. For different applications, the modeling methods should be selected carefully according to the features of the application and the advantages and disadvantages of the modeling methods.
